of atherosclerosis, may contribute to myocardial ischemia and its consequences, arrhythmias and infarction. There is evidence that dietary fish oils, rich in eicosapentaenoic (20:5) and docosahexaenoic (22:6) fatty acids, which result in tissue incorporation of these w3 fatty acids,' may be protective in ischemic injury, reducing cardiac arrhythmias,2 and decreasing myocardial3 4and cerebral5 infarct size. Our previous experiments indicated that w3 fatty acid feeding resulted in enhanced myocardial perfusion postischemia. 6 Fish oils may alter vascular reactivity in a number of ways. By reducing the production of the platelet-derived vasoconstrictor thromboxane A2, while having little effect upon endothelial cell synthesis of the vasodilator prostaglandin 12, vasodilatory forces would become more dominant.7 Furthermore, fish oils may alter systemic vascular responses to vasoactive agents such as catecholamines, angiotensin II, serotonin, and vasopressin,8,9 which might otherwise further compromise ischemic or postischemic blood flow. Incorporation of w3 fatty acids may alter vascular responsiveness postischemia by modulating the production of vasoactive substances by the endothelial cell either directly or indirectly by altering the production of substances by other cells that affect endothelial cell function. For example, during ischemia and reperfusion, generation of reactive oxygen species by endothelial cells10 or by neutrophils that have infiltrated into the tissues11 can produce endothelial cell injury,'2 inactivate endothelium-derived relaxing factor (EDRF),13,14 and impair endothelial cell regulation of vascular responses. w3 fatty acids, by decreasing neutrophil infiltration,7 might result in fewer reactive oxygen species formed and more active EDRF present.
Previous studies have characterized the effects of co3 incorporation into vascular tissue on hormoneinduced vascular contractility under oxygenated conditions. Our study was designed to extend these findings by assessing the effects of dietary fish oils on vascular contractility in isolated endothelialized (intact) and de-endothelialized vessels under oxygenated conditions and subsequent to a period of anoxia and reoxygenation in vitro. We postulated that dietary fish oils may result in preservation of tissue perfusion in organs with ischemic injury by reducing postanoxic vasoconstriction and promoting vascular relaxation. The effects of dietary fish oils on KCl-and hormone-induced contractility and relaxation were determined. Responses of aortic vascular rings from rats fed fish oil were compared with those observed in rings from rats fed either beef tallow or corn oil.
Methods

Animals
Forty-two male Sprague-Dawley rats, 4 weeks old, were randomly divided into three groups. Thirty-two rats were fed chow supplemented with 20%, by weight, of either menhaden oil (16 rats) Preliminary studies revealed that aortic rings placed under 1.5 g tension generated a maximal contractile response after KCl depolarization. Thereafter, all rings were equilibrated for 45 minutes under 1.5 g tension before experiments were started. In sequence, rings were incubated with: increasing doses of KCl (5-20 mM); norepinephrine (10'-10`7 M); vasopressin (10-'-10-7 M); norepinephrine (5 x 10-9 M), followed by acetylcholine (10 '-10 ' M); and KCI (5-20 mM). The incubation solution was then replaced with an identical solution pre-equilibrated with 95% N2 and 5% CO2. The rings were exposed for 35 minutes to this solution, which was constantly aerated with 95% N2 and 5% CO2. After 35 minutes, the solution was changed back to a well-oxygenated buffer gassed with 95% 02 and 5% CO2. After a 35-minute reoxygenation period, the rings were exposed to KCl, norepinephrine, norepinephrine (preconstriction) followed by acetylcholine, and KCI at concentrations identical to those used above. After each KCl or hormonal response, the rings were washed with fresh Krebs-Ringer bicarbonate solution. During the course of the experiments on a single ring, the contractile response to KCl was repeated four times to ensure stability of response over time. Stability was also established in initial studies where the response to norepinephrine was reexamined after prior exposure of the ring to norepinephrine, vasopressin, acetylcholine, and washout of the drugs. The response to the second exposure to norepinephrine was 117% of that observed with the initial norepinephrine addition.
Reagents
All chemicals and hormones were of highest purity available from Sigma (St. Louis, Mo. Grouping factors, such as diet, anoxic conditions, or de-endothelialization, were embodied as binary variables in the multiple regression analyses according to the method of dummy variables. 16 The interactions of these grouping variables with each other and with dose were included in the stepwise regression analyses as simple crossmultiples of the variables. All two-way, three-way, and the single four-way interaction variables were used. Regressions for norepinephrine and vasopressin were performed on logtransformed constrictor responses versus log dose of hormone to linearize the plots and to obtain more nearly Gaussian residuals. For these log-log analyses, "intercepts" refer to the displacements of log constrictor response from the log of unit constrictor response (0) at unit dose of hormone [log (unit dose)=0]. Such intercepts are displacements of the entire log-of-constrictor-response curve upward or downward across the entire log-dose axis (i.e., without rotation of the curve). Comparisons among BT, corn oil (CO), and FO diets were performed as grouped regression analyses with analysis of variance on the estimated group slopes and intercepts to detect differences in dose response among the three diet groups under specific selected conditions (e.g., anoxic, de-endothelialized). These comparisons were performed with the program BMDP1R. Values for differences in slopes and intercepts were considered to be statistically significant at p <0.05.
Results
Baseline Data
At the initiation of the study, there were no differences in body weight of rats randomized to the FO, BT, or CO groups, respectively [98.0+3.1 g (n=16) versus 103±2.7 g (n=16) versus 98.8+4.1 g (n=10)]. Mean body weight increased by over 100% after 4 weeks of feeding for rats in all three treatment groups. After 9 weeks of feeding, mean body weights for rats fed FO, BT, and CO were 262+3.5 g (n =9), 258+4.3 g (n =11), and 321+3.4 g (n =7), respectively. Rats fed FO and BT had equivalent body weights, which, however, were significantly lower than the weights of rats fed CO (p<0.01). Using an identical feeding protocol, we have found no differences in systolic or diastolic blood pressures among the groups.6
Contraction and Relaxation in Aortic Rings Derived From Rats Fed Fish Oil and Rats Fed Beef Tallow
The contraction and relaxation data for oxygenated and aiioxic aortic rings were analyzed by a stepwise multiple regression. The regression equations for the KCl or hormonal responses are reported in the figure legends. For KCl constriction, there were no differences in slopes preanoxia ( Figure 1A) . In postanoxic rings the slope of the dose-response curve in BT aortas exceeded the slope of the doseresponse curve in FO aortas by +2 mg tension/mM KCl (p<0.025, Figure 1B ). Anoxia and de-endothelialization were interacting variables and together reduced the slope of the KCl dose-response curve by 4.7 mg tension/mM irrespective of the dietary group (p<0.005, Figure 1B , right panel).
All responses to vasoconstrictive hormones were normalized to the contractile response of the ring to 10`2 M KCI, and the log of the ratio was analyzed. For both norepinephrine and vasopressin, there was a significant displacement of the dose-response curve in de-endothelialized BT aortas compared with FO aortas [+0.24 for preanoxic norepinephrine,p<0.005 ( Figures  2A and 2B) ; +0.5 for vasopressin,p<0.005 (Figure 3) ]. Because the slopes were not different between BT and FO responses, the vasoconstriction at a given dose of hormone was greater in the BT group. to acetylcholine than did FO rings (Table 2) . Thus, CO rings contracted in response to norepinephrine and vasopressin in a manner similar to FO rings and less than BT rings. CO rings, however, relaxed to acetylcholine in a manner similar to BT rings and less than FO rings. Discussion Vasospasm is well recognized as a consequence of endothelial injury in a variety of clinical conditions, including atherosclerosis17 and ischemia.18 Our study used intact and de-endothelialized aortic rings under preanoxic and postanoxic conditions to evaluate the effects of diets enriched in co3 fatty acids on vascular reactivity. The major findings in this study are 1) a decrease in the preanoxic contractile response to norepinephrine and vasopressin in the de-endothelialized FO rings compared with BT rings, and 2) greater relaxation in response to acetylcholine in both intact and de-endothelialized FO rings compared with BT rings under both pre-and postanoxic conditions.
The first finding, the decrease in contractile response to norepinephrine and vasopressin in the preanoxic de-endothelialized FO rings, suggests a possible direct effect of FO on the contractility of vascular smooth muscle. The observation that postanoxic intact FO rings contracted less than BT rings to KCI provides further evidence for a direct action of FO on the arterial smooth muscle cells because increased extracellular potassium causes contraction by directly depolarizing muscle cells. FO also resulted in enhanced acetylcholine-induced vasodila- 85% inhibition in production of a PDGFlike factor. It has been demonstrated both in human coronary arteries24 and in rabbit aortas25 that vasodilation in response to acetylcholine is endothelium dependent. The increased relaxation to acetylcholine of rings from rats fed FO also is consistent with an enhanced release of endothelium-derived relaxing factor(s) (EDRF), and possibly an enhanced relaxation of vascular smooth muscle to the factor(s), as has been previously reported by Shimokawa 77±19 (17) 82±16 (17) 67±14 (11) 140±44 (13) 123±30 (13) 123±44 (12) In addition to enhanced vascular contraction, endothelium-dependent relaxations to acetylcholine are diminished with anoxia. Anoxia produced a reduction in the acetylcholine relaxation response, which is consistent with the data reported by De Mey and Vanhoutte." Our data demonstrate that FO feeding enhances the relaxation observed with acetylcholine in aortic rings. It is interesting to note that relaxation with acetylcholine was seen in rings from rats fed FO, even though de-endothelialized. This may result from an enhanced response to acetylcholine by the few remaining endothelial cells in the preparation. The absence of relaxation in the identically treated BT rings indicates that most of the functional endothelium must have been removed. It is possible that the few remaining endothelial cells release more vasodilatory factors or that the vascular smooth muscle is more susceptible to these vasodilating substances in the c3 group.
Thus, de-endothelialized vascular rings from rats fed FO contracted less to vasoconstrictive agents and relaxed more to acetylcholine than did rings from rats fed BT. Postanoxic rings from rats fed FO exhibit a favorable balance in vascular reactivity with less contraction and enhanced relaxation. These effects may promote increased blood flow to ischemic tissues in vivo during the reperfusion period. If coronary arteries of human subjects fed FO respond to vasoactive agents as rat aorta does, vessels partially denuded of endothelium or exposed to anoxia with endothelium intact should be less vasospastic in vivo, and FO supplementation may prove therapeutically beneficial.
